Abstract-Thermal neutron imaging is a technique for nondestructive testing providing complementary information to X-ray imaging for a wide range of applications in science and engineering. Advancement of electronic imaging systems makes it possible to obtain neutron radiographs in real time. This method requires a scintillator to convert neutrons to optical photons and a charge-coupled device (CCD) camera to detect those photons. Alongside, a well collimated beam which reduces geometrical blurriness, the use of a thin scintillator can improve the spatial resolution significantly. A representative scintillator that has been applied widely for thermal neutron imaging is 6 LiF:ZnS (Ag). In this paper, a multiphysics simulation approach for designing thermal neutron imaging system is investigated. The Geant4 code is used to investigate the performance of a thermal neutron imaging system starting with a neutron source and including the production of charged particles and optical photons in the scintillator and their transport for image formation in the detector. The simulation geometry includes the neutron beam collimator and sapphire filter. The 6 LiF:ZnS (Ag) scintillator is modeled along with a pixelated detector for image recording. The spatial resolution of the system was obtained as the thickness of the scintillator screen was varied between 50 and 400 µm. The results of the simulation were compared to experimental results, including measurements performed using the PULSTAR nuclear reactor imaging beam, showing good agreement. Using the established model, further examination showed that the resolution contribution of the scintillator screen is correlated with its thickness and the range of the neutron absorption reaction products (i.e., the alpha and triton particles). Consequently, thinner screens exhibit improved spatial resolution. However, this will compromise detection efficiency due to the reduced probability of neutron absorption.
I. INTRODUCTION
T HE use of neutrons in imaging has been ongoing since the mid-twentieth century. Since then, it has evolved and diversified such that it is now routinely used for nondestructive testing. In conventional neutron imaging the image contrast is formed due to the absorption and scattering as the neutrons interact while passing through the material. Neutrons are attenuated by light materials like water and hydrocarbons, and some highly absorbing elements like lithium, boron, cadmium, and gadolinium, providing complimentary information to X-ray imaging. This makes neutron imaging valuable for noninvasive investigations like the quantification of the hydrogen economy in fuel cells, refrigeration systems and water uptake in plant's roots [1] , [2] .
High spatial resolution is always desirable in examining the fine details of the object. In neutron imaging, the spatial resolution is limited by the setup geometry and the detector system. Although thin film or digital image plates have acceptable spatial resolution, postprocessing is required to develop the image, which makes them inappropriate for real-time applications. Digital neutron imaging systems may include scintillator screens combined with charge-coupled device (CCD) camera, gas electron multipliers, time projection chambers, and semiconductor converters combined with application-specified integrated circuit readout. For the scintillator/CCD camera option, the scintillator plays an important role in setting the spatial resolution for real-time neutron imaging systems that can be used in visualizing dynamic events. Therefore, understanding and characterization of the scintillator are required for the development and performance prediction of high spatial resolution applications. In this paper, we have modeled a scintillator CCD-based real-time neutron imaging system with the Geant4 Monte Carlo code. The simulation model includes North Carolina State University's (NCSU) PULSTAR reactor thermal neutron imaging facility. Simulations have been carried out with different scintillator thickness and validated with experimental results including measurements performed at the PULSTAR neutron imaging beam. Characterization and determination of spatial resolution of the 6 LiF:ZnS(Ag) scintillator are performed for high-resolution neutron imaging applications.
II. IMAGING SYSTEM MODEL
Geant4 has the capability to simulate the interaction of neutrons with matter, the formation and interaction of charged particles, and the generation and propagation of optical photons inside scintillating layers [3] . Thus, the Geant4 framework is selected and a computer subroutine has been developed for the modeling and simulation of the real-time thermal neutron imaging system. All relevant physical processes for thermal neutrons, charged particles, and optical photons are included in the simulation. Geant4 nuclear data libraries (G4NDL) version 4.5 is used for neutron interactions, which contain cross-section data compiled from evaluated neutron reaction data libraries [4] .
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The collimator of the PULSTAR neutron beam contains two six inch single crystal sapphire filters for removal of high-energy neutrons from the beam while maintaining an acceptable thermal neutron flux. However, the G4NDL data libraries do not contain inelastic thermal neutron cross sections for the sapphire. Details of the thermal neutron scattering cross section libraries for sapphire can be found in [5] . A C++ code was written to convert the sapphire libraries from ENDF/B-VII format to G4NDL format. These formatted crosssection libraries were imported in Geant4. The simulation and collimator geometry are shown in Fig. 1 . Details of the collimator materials and their functionality can be found in [6] .
The filtered neutron energy spectrum at the sample position is calculated by the Geant4 model as shown in Fig. 2 . The input energy spectrum at the beam tube (BT) entrance was previously established [6] . The thermal neutron flux is reduced by around 20% after passing through the sapphire filter.
The detector system includes the scintillator and CCD sensor and is placed perpendicular to the neutron beam. The object is a 200 µm thick gadolinium edge, placed at a distance of 400 cm from the beam aperture. The edge is placed on an aluminum substrate that is 500 µm thick. This is followed by the 6 LiF:ZnS (Ag) scintillator with thickness varying between 50 and 400 µm. Assuming no magnification in the lens system, the photosensitive CCD camera and lens are modeled as silicon with a pixel size of 13.5 µm. Thermal neutrons are absorbed in 6 Li and consequently alpha and triton particles are emitted with a total Q value of 4.77 MeV. These charged particles travel within the scintillating material and cause scintillation events in the ZnS (Ag). The number of optical photons generated is proportional to the charged particle's energy loss. The simulation model accounts for selfabsorption and rayleigh scattering of optical photons in the scintillator. The ability to accurately specify the optical photon absorption length in the LiF:ZnS scintillator screen is challenging as it is can vary significantly with screen characterisitcs. In this paper, a representative value for the optical absorption length is assumed as 12 µm, which is of the same order of magnitude reported in related imaging applications [7] . In addition, the refraction index is 2.46 (assuming a polished surface). Each photon can be absorbed, scattered, and reflected through the boundary of the scintillator. The used emission photon spectrum is shown in Fig. 3 . Each pixel of CCD records the optical photons coming out of the scintillator. The detector system is shown in Fig. 4 .
The optical properties of the scintillator are presented in Table I [9] .
The simulations are performed on a Linux cluster available in the high-performance computing Center at NCSU. Each simulation is performed with 10 7 neutrons and parallelized on 120 processors. The simulation time and memory requirement 6 LiF-to-ZnS(Ag) mass ratios and for different thicknesses of the scintillator.
depend on the thickness of the scintillator. In order to reduce the computation time and memory requirement, the area of the scintillator is set to 2.7 mm 2 and the neutron source is used as the filtered energy spectrum positioned at the beam aperture. Furthermore, a subroutine was written to terminate any particle that does not interact within the detector geometry.
III. SIMULATION RESULTS
In the present simulation study, the detection efficiency, and charged particle and optical photon generation profiles are investigated for scintillator screens of different thicknesses. Geant4 simulations and stopping and range of ions in matter (SRIM) calculations for validation of the charged particle range were performed. The spatial resolution contribution of the scintillator depends upon the optical photon transport distance in the scintillator, which in turn depends upon the neutron interaction position, the size of the charged particle energy deposition region, and the optical photon absorption probability. The absorption probability, i.e., the ratio of the number of neutrons absorbed in the converter layer to the number of incident neutrons on the scintillator is simulated for different thicknesses of the scintillator and different 6 LiF to ZnS(Ag) ratios. The results are shown in Fig. 5 . The error bars in this figure and all subsequent figures are smaller than marker size. Fig. 6 illustrates the average track length of the absorbed neutrons inside the scintillator for a 1:2 mass ratio of 6 LiF-toZnS.
Alpha and triton particles are generated when a neutron is absorbed in 6 LiF. The energy of these alpha and triton particles is 2.05 and 2.72 MeV, respectively. Both charged particles are generated at the same position but in opposite direction to conserve momentum. Fig. 7 illustrates the ranges of the alpha and triton. The charged particle generation profile is shown in Fig 8. Figs. 7 and 8 are generated from simulation with 250 µm thick and 1:2 (LiF:ZnS mass ratio) scintillator screen. Comparison to SRIM [10] predictions is presented in Table II .
The light output response of an inorganic scintillator carries a nonlinear relationship with the deposited energy. According to Birks' assumption, the amount of luminance (L) per unit Fig. 9 . Optical photon profile for alpha particle with different scintillator depth. Fig. 10 . Total optical photon generation and photons generated from triton particle with different scintillator depth.
length (x) decreases by the quenching effect in high stopping
where S is the scintillation efficiency and kB is Birks constant. The value of Birks constant is conservatively assumed to be 0.126 mm/MeV. The high stopping power of the alpha particle reduces the amount of optical photons generated due to energy deposition. Figs. 9 and 10 are for the 250 µm thick-scintillator and 1:2 LiF:ZnS mass ratios, which show that the foremost portion of optical photons is generated from the energy deposition of the triton. This is consistent with the greater quenching effect expected for alpha particles. In addition to the above, simulations are carried out for 1:2 LiF:ZnS mass ratio to examine the spatial resolution from the alphas and tritons separately and to correlate the outcome with the previous results on generation profile and range. In some cases the alpha particles are terminated after generation and only tritons are tracked, and in other cases the, tritons are terminated while the alpha particles are tracked. The gray values of the pixels are plotted to obtain the edge spread function (ESF). Subsequently the line spread function (LSF) is obtained by differentiating the ESF. The spatial resolution is calculated from the full width half maximum (FWHM) of the LSF. The simulations are executed for various thicknesses of the scintillator. It is observed from Fig. 11 that the contribution of the scintillator to the spatial resolution is primarily dominated by the contribution of the triton particle. This outcome can be understood by noting that the tritons have a greater range in the scintillator resulting in greater variation in the location of optical photon emission.
Using the established model, further simulations are performed to investigate the detection efficiency and spatial resolution of the scintillator for different mass ratios of 6 LiF:ZnS (Ag) and different thicknesses. The overall detection efficiency is defined as Efficiency = Number of optical photons captured by CCD Number of neutrons arriving at scintillator .
It can be observed from Figs. 12 and 13 that the detection efficiency is increased for thick scintillators, while spatial resolution is high for thinner scintillator. It can also be observed that scintillators with the same thickness shows higher detection efficiency for 1:2 LiF:ZnS mass ratio but the difference in their spatial resolution is negligible.
IV. EXPERIMENTAL INVESTIGATION
A neutron imaging user facility is operational at the NCSU PULSTAR reactor. The reactor is a 1-MWth swimming pool type research reactor. There are six beam tubes (BT) used for different experimental stations. The thermal neutron imaging experiments are performed on BT #5 of the reactor [6] . Currently, this facility can perform real-time radiography and tomography experiments. The experimental setup of the neutron imaging system is shown in Fig. 14. The scintillator and the CCD camera are housed in a light tight camera box made of anodized aluminum. The mirror in the camera box is designed to direct the scintillation light to the CCD camera. The CCD camera sensors have an array size of 2048 × 2048 pixels. The pixel size is 13.5 µm with a digital resolution of 16 bits. The camera is fit with a cooling system that is capable of achieving a temperature of −90°C to reduce dark current. Tables III and IV describe the neutron imaging facility and  equipment, respectively.   TABLE III   NEUTRON IMAGING FACILITY PARAMETERS   TABLE IV CHARACTERISTICS OF THE REAL-TIME IMAGING SYSTEM The camera and electronic components of the positioning systems are shielded with heavy concrete to protect them from neutron and gamma radiations. The sample holder and camera are perpendicularly aligned to the center of the neutron beam. In addition to the detector system, other components of the imaging facility include an air cylinder controlled rotating drum type shutter and the shielding enclosure of the entire facility.
Similar to the simulations, to investigate the system resolution, a gadolinium foil with a thickness of 200 µm is used and radiographs of the foil are recorded. The radiographs are normalized to reduce noise. These radiographs are shown in Fig. 15 .
The spatial resolutions for experimental radiographs are also calculated by measuring the FWHM of the LSF. The total system spatial resolution, R Total can be expressed as
where, R Geometry = (l/L/D) is the spatial resolution contribution from the setup geometry, l is the distance between object and scintillator screen, L is the distance between object and beam aperture, and D is the aperture size. R Scintillator and R Lens+CCD are the spatial resolution contributions from the scintillator and the CCD camera. The spatial resolution of the imaging system with the 50 µm-thick scintillator was measured as 84 µm. Fig. 16 shows the measured LSF.
Figs. 17 and 18 illustrate the validation of the measurement. In the spatial resolution measurements, the geometrical contribution is made negligible by attaching the gadolinium foil to the scintillator (l = 0). The spatial resolution of the lens and CCD (R Lens+CCD ) are experimentally measured with a sharp paper edge and found to be 50 µm from the FWHM of the LSF as shown in Fig. 19 .
The total resolution R Total is calculated using
Simulation and experimental results [12] , including measurements performed at the PULSTAR neutron beam with 250 µm and 50 µm thick scintillator are presented in Table V. V. CONCLUSION In this paper, a Geant4 simulation model of a real-time CCD-based neutron imaging system is developed. The model uses a multiphysics approach that treats explicitly the neutrons, charged particles and optical photons that are involved in the imaging process. The simulated system uses a 6 LiF:ZnS(Ag)-based scintillator. Various aspects of the scintillator including efficiency, optical photon output, and spatial resolution have been investigated. Experimental validation of the model was performed at the NCSU PULSTAR neutron imaging facility using 250 µm and 50 µm thick scintillator screens.
It has been observed computationally and experimentally that thinner scintillator screens have higher spatial resolution. The Geant4 simulations revealed that the resolution behavior can be correlated with the range of the neutron absorption reaction products. If the range of the products covers the screen thickness then the resolution will approach a value on the order of thickness, which motivates the use of thinner screens for imaging. However, the use of thin screens will reduce the probability of neutron absorption and the overall efficiency of signal generation. Consequently, an optimum thickness should be chosen that should be facility dependent. Imaging facilities with high thermal neutron fluxes (and possibly using cold neutrons) can compensate for low detection efficiency and achieve high spatial resolution using thin screens.
Experimental measurements are in good agreement with the simulation results. The developed Geant4 simulation model can be used to investigate the performance of 6 LiF:ZnS (Ag)-based scintillator systems in support of the design of modern systems for high resolution real-time neutron imaging and applications.
